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In  glass  or  crrbon  rosin  coopositos  thsorstlcal  tonsils  strengths  are 

rapoly  reallasd;  good  composites  produosd  by  reproducible  conventional 
tschaiqnos  attain  about  6^  of  the  theoretically  predicted  values,  In 

an  atteapt  to  improve  the  tensile  propex*ties  Vf  carbon  and  60,'.  Vf  glees 

fibro/spoxy  resin  rods  were  manufactured  by  pultrusion  and  values  of  ~80>i 
o..  sers  <^tainod«  iiltiunigh  the  fibres  am  oco?lnuoua«  those  propartxsa 
sUi^gest  that  perhaps  an  •offoctivs  discontinuous  fibre  length*  is  an 
Important  oosposits  paraaetar*  It  is  thus  possible  to  account  for  the 
■randcai  bundle  break"  epmarance  of  fracture  surfaces,  hither  frictional 
prop<nrtiaa  of  tha  fibreAttsin  interface  or  the  shear  failum  atrsss  of  the 
reain  mould  then  play  an  isportant  role  in  determining  tensile  strength; 
reaulta  of  teats  on  resin  end  carbon  fibre  composite  spec^ns  under 
superposed  hydrostatic  pmsauma  'betweac  1CX>  and  260  iClm  indicata  the 
eritioal  property  to  be  the  reain  shear  failure  stress.  It  is  suggested 
that  the  proposed  bypothaaea*  of  dimot  relevance  to  the  design  of  composite 
systaaa  ^»wd  design  with  fibre>rsinforced  matezdals,  sho'ild  be  tested  by 
further  experiments*  Cf  pairtloulor  ioportanoe  is  tho  increase  to  o^ 
of  the_^iq>oaite  atrength  when  teatad  under  a superposed  pressum  of 
j|0  • 

$3^  Jf  carbon  fibrc/nickel  ooepoaitea  were  prepared  by  tha  RAHQ£  technique 
of  plating  and  hot  compaoti-in.  - The  reproducible  tensile  rtrength,  nearly 
60^  was  auperlor  to  values  reported  by  other  laberatoriea;  however, 
only  a aarginel  iaproveiaent  in  touj^ineea  was  observed.  In  tension, 
nevertheleaSf  tha  nidcel  matrix  was  ductile,  in  contrast  to  the  caterial  of 
Braddlok  et  al*  '^eata  undar  superposed  hydmstatic  pressures  indicate  the 
eritioal  stage  in  the  failure  process  to  be  the  tensile  failure  of  the 
fibpes,  in  oontraat  to  the  shesr>opemted  failare  mechanism  in  the  resin 
eosposlte*  ' 
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1 . imroT'ncTioii 


Ib  th«  «tu47  of  th«  Boohanlcal  propertlos  of  flbr»-^elnforcod  Boterialo 
inormsing  cnpbMlo  ia  now  bein^  paid  to  the  role  of  the  flbre/matrlz 
Lntarfaoe  in  the  ■echanisma  of  fracture.  In  the  aimpleat  failure  node!  (l) 
it  ia  assused  that  an  eciual  atrain  exlata  in  the  fibres  and  the  matrix  and 
that  fracture  occura  when  the  failure  atrain  of  the  fibres  is  reached. 
Otttwates*  (2)  has  postulated  that  for  some  resin  matrix  coepositea  debondir^ 
will  occur  with  a chear  line  atartin^  at  the  ends  of  the  fibres  ar<d  Bowing 
to  th«  Bidxlla.  Stresses,  ha  aucgests,  are  transferred  frou  the  matrix  to 
the  fibres  by  ftriction  rather  than  ahear.  Failure  may  oncor  by  either 
coeplata  dabondln^,  or  if  the  bond  ia  sufficiently  good,  by  matrix  shear  or 
failure  of  the  fibres. 

T!te  effect  of  fibre  flaws  linked  with  non-uniform  strain  distribution  has 
been  studied  by  Parratt  (3)  who  sugigests  that  as  the  load  on  a speciaeB 
increases,  the  number  of  internal  fibre  fractures  increases,  shortenir.g  the 
fibre  len^ha  to  the  point  tdiste  the  ultimate  sheer  strength  of  the  matrix 
is  aacoeedsd  and  ooaposlts  failure  takes  ple^e  through  shear  failure  of  the 
Batriz.  Tbs  atatistical  aodsl  of  Rosen  (4t3)t  Bupportod  by  results  from  a 
pboto-elaatio  study  of  tbs  tensile  failure  process,  again  indicates  that 
fibre  fraotures  occur  randomly,  starting  at  about  half  the  composite  strength 
On  this  Bodcl  the  strength  of  the  composite  ie  determined  by  the  ststistioal 
strength  ohsract eristics  of  the  fibres  and  by  the  efficiency  with  which  the 
matrix  is  able  to  radiatributo  the  high  shsar  stresses  which  exist  in  the 
▼ioinlty  of  a fibre  break.  A composite  wi.th  s ductile  matrix  would  thus  be 
sxpeotsd  to  be  stronger  than  one  with  a brittle  matrix. 


It  genexvUy  recognised  that  the  bundle  strength,  Cg,  of  an  assembly  of 
parallsl  fibres  la  always  less  than  the  mean  strength  of  the  fibres 
(issasursd  at  the  sane  length).  For  a typical  scatter  of  - 2Qi  of  the 
average  (6)  the  fibre  bundle  can  only  achieve  70/i  of  the  mean  fibre 
strength.  Naasurement  of  bundle  strongth  has  been  suggested  (6)  as  a useful 
aathorl  of  Incorporating  statistical  factors  into  composite  strength 
predlotions  of  flbre/resln  composites  by  the  relationship; 

».  - ''t  'B  * 0-7  ''t  "t 

where  a is  the  oomposlte  strength,  the  volume  fraction  of  the  fibres 
of  Bean%naklng  strength  and  the  gauge  length  of  the  fibre  bundle  (l) 
ia  the  sane  as  the  cooposlte  specimen  gauge  length.  This  uncoupled 
statiatioal  msdsl  representa  tha  lower  estimate  of  the  theoretical  composite 
strength  (6). 

Ihe  theoqr  of  tha  load  oarrylng  capacity  of  unlaxially  loaded  composites 
has  been  developed  in  some  detail  (7**?).  In  general,  for  continuous  fibres 
the  atx*ength  of  a composite  is  given  by: 

ahars  ia  ttia  stress  in  the  matrix  at  the  fracture  strain  of  the  fibres. 
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For  diBContinviouo  fibres  of  lenf^th  atrencthonin^  is  alwaye  lees.  I he 
tortoile  and  ehear  stress  distributions  are  {’iven  in  I-’ir  I.  The  tereiio 
stress  in  the  fibre  builds  up  rapidly  froa  each  end  a* proxiraately  linearly, 
io;- 

O * 2Tt 
X 

r 

share  T Is  the  Bartsuffl  Eatrlx  or  interface  shear  stress,  r the  fibre  radius 

and  t is  the  distance  froc  the  end  of  the  fibre,  smaller  than  jL  and  the 

critical  value  2^  , to  be  defined* 

0 

At  the  fracture  stress  c.  of  the  fibre  t = **  *^f  and  hence  before  it  can 

^ 2T 

be  broken  the  flbr«  oust  be  of  a critical  length  L s 2z, 

c 


If  d 1s  the  dixaetor,  then:- 

L . .°f  '*1 

L 2T  J 

ffhen  the  fibre  length  1s  less  than  the  fracture  stress  of  the  fibre  is 

never  reached*  When  L s L the  fibre  will  break  in  the  centre  and  the 

average  stress  a*,  over  the  fibre  is  c,.*  When  L > L , c.  approaches  o . anc 
X X c X X 

2 

the  atnngth  of  the  composite  is  given  by:- 


"f  ” 


®c  “ ®f  ^f  ♦ • "f  ' pIJ  ^ i 

The  ala  of  the  work  described  here  is  the  investi^tior.  of  the  mechaniaT.a 
of  the  failure  of  fibre  coaposites  and  the  study  of  the  importance  of  the 
fibre,  aatrlx,  extd  flbre/matrix  interface  in  the  etrenrtheninf;  of  such  a 
composite.  Unidirectional  plans  and  carbon  fibre  reinforced  epoxy  resir. 
speclaona  produced  by  a pultrusion  technique  were  used  in  the  study  of 
resin  matrix  compositss,  and  carbon  fibr«  reinforced  nickel  fabricated  by 
plating  and  hot  compaction  technique  was  used  for  the  study  of  the  metal 
matrix  composite. 


The  experimental  technique  involved  the  use  of  hydrostatic  pressure  during 
teneila  tests*  Under  ambient  conditions,  for  an  applied  tensile  stress  <r  1 
the  maxlraum  ehear  stress  is  given  as  CT  (Pig  2^.  Under  a liydrostatic 

2 

pressure  H and  an  applied  tensile  etresc  o*  the  nett  tensile  stress  is  o-H, 
but  the  marlimim  sh<ar  stress  is  still  2 , Ai  the  ^e  nett  tensile  stress, 

2 <r  ♦ H 

^ ▲W*  _ AV A _1_ a _ ^ * •*  t V « • A A • 


<r  , therefore^tbe  maximuffl  shear  stress  is 


Using  hydrostatic 


pressure  the  tensile  to  shear  stress  ratio  may  thus  be  varied.  As  the 
tirsnsfer  of  load  from  the  matrix  to  the  fibres  involves  shear  atresaes  in 
the  matrix  and  at  the  interface,  then  variable  hydrostatic  pressure 
techniques  are  important  in  determining  the  mechanism  of  failure.  The 
application  of  hydrostatic  pressure  has  previously  been  used  in  the  study 
of  eechanical  properties  of  oetals,  ceracics  and  thcirioplastics* 


Ob«  of  tbo  QBdo£tira.blo  obiurootorlotlca  of  nechonlcal  tooio  on  flbr»> 
roiaforood  ploartlo  (ITIP)  opoolaeto  hao  fk'oqfaoitlj  bom  tho  Iars«  ooattor  in 
rosnlto.  This  bu  prlnolp^ly  bom  aocrlbed  to  tho  prc^eneo  of  mido  and 
almli£:3a«crt  in  tho  fibroa,  lack  of  adhesion  betwoea  fibroo  and  atatriz, 
dafoota  in  tbo  fibres  thmoelTOJ  and  differences  in  tho  gasigm  len^h  of 
^pooiaens  teotted.  As  the  firwt  threo  factors  depend  on  tho  fabrication 
prooczSf  pultruaion  appenra  to  offer  a passible  Beans  of  ieproreaeat  on  the 
wed  lay>-«p  nethed.  P^trusiony  the  technique  of  pullinj;  continuous  lenirths 
of  reaia-Boaked  fibre  t.txrousb  a heated  dif , has  boon  denraloped  for  glass 
fibres  and  rooestly  applied  to  carbon  fibroo  by  Camatt  stal(ll).  A 
■edified  feni  of  their  apparatus  was  used  In  the  Prooess  fschiu>loQr 
Sisisioaf  AOS,  Harwell,  to  aaaofacturo  the  resin  natriz  oowposltas  used  la 
oar  invostigatioa.  Ac  pultrualoB  rig.  Pig  3,  oonsisted  of  four  sets  of 
; teaeloaing  rollera/fibre  guides,  2 PT73  siaing  dies  for  renovlag  sir  bobbles, 

i ieproriag  fibre  iapr^icatioa  and  reaoving  ezosM  resia  and  a third  curing 

; die  752a  long  and  6.33a"  io  dlaseter,  which  was  themostatioally  heated. 

‘ The  eotraaes  to  the  die  waa  eoolad  by  a water  ^ket  to  preweat  prcsiataro 

gelling  of  reran  which  tended  to  build  up  at  the  throat.  Fbr  the  eystca 
Araldite  KT733/nT931  resin/34^  earboa  fibres  and  6C^  glass  fibres  the 
optisRae  ooaditiona  based  oa  carbon  fibre/resin  ezothems  were  found  to  be  a 
t die  erit  tenperature  of  140*’c  and  a palling  speed  of  2OGa0pin.  The  carbon 

fibres  were  Harwell  Type  II  surface  treated  with  a aean  strength  of 
2240  tSSuT^  end  a aeoa  dlaaetcr  of  9*^  pa*  glass  fibres  were  Owens 
[ Coning  8IOIX.  The  fibres  were  pulled  by  neans  of  a steel  oord  cast, 

via  a brasu  screw,  Into  the  end  of  the  4 fibre  bundles.  The  rods  produced 
were  1.2a  long  and  were  post-cured  for  1 hour  at  100°C. 


One  of  the  aors  usafbl  techniques  for  producing  carben  fibro-rsinforcod  netal 
oosq>9sitss  la  electroplating  of  the  fibres,  followed  by  hot  oospaotion. 

; Recently  Kistler  and  Riess  (l3),  Braddick,  Jackson  end  Walker  (14)  and 

i Ronoraa  and  Watsoa-Adaas  (15)  have  reported  on  tho  production  of  carbon 

i fibrw-nlckel  ooaposites  by  this  aethod.  A Bodification  of  the  last  technique 

i waa  used  to  produce  the  coaposite  for  this  invest igat ion. 

? 

! The  plating  rig,  Pig  4t  conalsted  of  a cylindrical  cage  with  fibre  tows 

i Tsrtloally  aligned  on  it,  which  was  slowly  rotated  in  a thcneostatical^jT 

I oontrollsd  Watte  TjnP«  B«th  (Table  I)  at  37®C.  A low  current  density  of 

\ 1.6  iaT  was  applied  for  24  hours  to  obtain  an  oven  nickel  coating  (Pig  3)* 

J Tho  plated  fibres  wars  thoroughly  washed  in  running  water  at  30  C,  followed 

by  distilled  water,  then  allowed  to  dry.  Tho  thickness  of  the  plating  was 
: —1,8  pa. 

j Tbs  hot  eoBpoction  was  carried  out  in  a Hiaonio  would  (Pig  6)  between  carbon 

I blocks  which  provide  a reducing  atMsphero.  1.3  z 10^  plated  fibres  lOOnn 


I 


in  lanfHh  w«rn  nll^ed  between  nickel  fells  in  the  no  ''d  end  a email 
retaining  preoKure  wee  applied.  Preeirure  end  teaspera  ire  were  then 
increased  over  u period  of  40  minutee  to  95  KI*  sna  100°C»  Thecu 
conditions  were  naintained  for  7 hours , after  which  the  eonld  was  allowed 
to  cool  , still  under  pressure.  Rectangular  bars  ICCter  z 23^  x 6«n-  were 
thus  iToduced.  The  fibre  volume  fraction,  found  by  dissolution  of  the 
nickel  ikatriz  ard  accurate  wai^in^,  was  51^* 

Optical  KicrogTf'phs  were  taken  of  sections  of  tne  as-platod  fibres  (fig  5) 
and  the  nickel  and  resin  siatrix  coeposites  (figs  7 ond  6>  and  similarly 
the  of  longitudinal  sections  (figs  y and  loj. 

of  coaiosites 

The  rcur.d  tensile  apecuacn  design  (fig  11  > ussd  in  the  present  investigation 
had  to  be  developed  (lOj  as  there  is  no  definite  standard  at  present*  Flat 
specimens  are  generally  used  witti  fibre~reinforced  resin  conposites  and 
round  specimens,  siailar  to  our  design,  are  often  used  for  fibre-reinforced 
metals. 


A requirement  was  the  design  of  a clniature  specimen  th.at  would  fit  in  the 
vary  limited  space  of  the  high  pressure  testing  apparatus*  In  general, 
where  composite  modulus  is  not  required,  waisted  specimens  with  no  parallel 
gauge  section  are  accepted.  The  length  of  the  shoulder  was  calculated  from 
the  interiacii  3LT  shear  strength  of  the  composite,  so  as  to  prevent  the 
shoulder  pulling  off.  The  design  had  so  far  proved  completely  successful. 


Tensile  tests  were  carried  out  at  an  extension  rete  of  5 x 10  saa/ain 
under  superposed  Vlrostatic  pressures  in  the  x*ange  atmospheric  pressure  to 
280  ISiaT  in  a Universal  liedeby  testing  machine  (fig  12).  The  effects  of 
hydrostatio  pressure  were  also  determined  on  pure  resin  and  gure  nickel 
specimens  (the  latter  having  bc*‘n  previously  annealed  at  700”C  for  2 hours 
in  the  compaction  rig).  Scanning  electron  micrographs  were  taken  of  the 
fracture  surfaces  of  specimens  broken  at  atmospheric  and  under  hydrostatic 
pressures  (Pigw  14  and  15). 


Hivn  te«p«Tnture  treatwente 

It  has  been  surroeted  that  the  results  of  tests  on  plated  mingle  fibres  are 
applicable  to  hulk  composites.  To  assess  the  hi^  temperature  capabilities 
of  the  bulk  composite  plated  fibres  were  accordingly  used.  The  strength  of 
as-plated  fibres  was  determined  as  the  mean  of  ?^  testa  using  a gauge  Icajth 
of  'lOrasR.  A tow  of  plated  fibres  was  then  treated  under  a vacuum  of  — 10”° 
torr  for  24  hours  at  1050°C  and  a similar  number  of  tests  carried  out  on  the 
heat  treated  fibres.  Plated  fibres  were  also  treated  under  the  name 
conditions  in  a sealed,  pre-evacuated  tube  containing  a small  quantity  of 
pure  carbon  powder. 

Impact  tents 

A f«M  C harpy  impact  tests  ware  carried  out  for  comparison  of  the  fracture 
toughness  of  the  carbon  fibre/nickel  composite  with  that  of  other  workers 
(14).  As  the  toughneee  of  metal  matrix  composites  frequently  decreases  with 


8, 


tjBcr«a*iEtj  carfccn  fibre^nicKBl  ocBporit*  bloclrs  wcr«  p^cptrad  Mith 

▼f  in  tb«  rarxs*  ?0^  to  7CX  for  thia  invest lf,:itica. 


1m. 
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Thm  Btrcr;7th»  of  usplated  erJ  platod  fibres  bcfora  and  uTtar  Torlorui  hi^ 
tcsp«rattiro  tr^tffl«sato  are  el'^wn  In  Tabla  2.  Tahlnff  into  accoaat  tlia 
rtreajth  of  tha  nickal  coatii-j:,  the  atron^h  of  coated  fibre*  1*  asaKwhat 
hlsbar  tfcs.a  that  of  the  unplat^  fibrea,  a*  alao  aocas  to  be  the  atrength 
of  the  fibre*  truited  with  carbon  in  the  sealed  aznralope.  It  la  to  be  noted 
that  the  cetsa  dlaBt-ater  of  the  fibres  in  the  last  case  was  9*^  i**  oeo|»ared 
irtth  9*^3  uiiplnted  fibres  and  12.6  lim  of  the  plated  file* os, 

l»*ealtaeat  of  the  plated  fibres  In  vacuo  cause*  a lar.js  drop  in  otruigth* 

Tire  difficulties  of  counting  aad  tasting  ouch  weak  and  brittle  fibres 
prevented  core  than  three  aucceaeful  testa  being  carried  out* 

r^t-Tlt,  rK.te rials  tests 


Ua'ais  the  coepoaite  test  specimen  design,  nickel  was  strained  at  alDOspherlo 
and  superposed  lijrdrostatle  pressures*  Abaospheric  tests  abosed  that  this 
doidgn  undorostiaated  tne  yield  stress  Jut  resulted  in  values  for  the 
ttlidsata  tensile  s'^rcr.gth  niailsr  to  those  obtained  with  specis>en*_^ssessing 
a reduaed  length*  The  yield  strength  of  the  nickal(0*27  )was 

nsoltarcd  by  the  application  of  hydrostatic  pressure* 

Spooiaens  nachined  from  cast  epoxy  rods  were  sioilarly  tested  and  the 
pronounced  effect  of  hydrostatic  pressure  on  the  tensile  strength  was  ncted 
(Fig  1})»  tensile  strength  o_  decreased  approxlnately  linearly  with  the 
superposed  liydrostatie  pressure  but  the  shear  strength,  ♦ H,  (e<]uol  to 

V -a 

half  the  ooadjuil  ultimate  applied  stress  o A increased  froa  3^  Cbs  with 
pressure  with  a alope  of  0*11*  ** 

The  nppearimoe  of  the  failure  aurfacee  of  the  tenall*  epcciaan  changed  frea 
the  rxstnral  polyaer  failure  cod*  (Fig  14)  ori-jinatieg  at  the  surface  to 
s lip  of  chonr  failure  and  a featureless  'Mirror'*  central  fracture  at 
300  l»Ihr*(Fig  15)«  The  final  brack  coul^  have  been  cButsd  by  the  fluid 
penetrating  into  the  failing  spociiasn. 

The  Beam  tmolle  etrength  of  the  carbon  fibre  roinftarced  eposy  rseia 
coespaoito  tn.*  0*93  i 0.05  cr'a'2  *ad  that  of  the  carbon  fibre  rdsforosd 
niokol  ccBUonlt*  was  0*73  - O.O’i  G7a”^*  ^-e  effect  of  Bupcr;?oo«d  faydrotrlatlo 

prsESuro  con  be  seen  in  Pig  16.  Koto  that  the  applied  tensile  stresa 
not  io  plotted.  In  the  case  of  the  nickel  natrix  ccapoaite,  the 

applied  ctress  inoresao*  with  ircr casing  hydrostatic  pressure  with  the  elope 
•*  1*0,  1*  tho  str<mgth  is  unaffected  by  hydrostatic  preacur*.  Th#  b^arioor 
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of  tia  oftoxj  resin  EStrix  ecc:pssit«  la  ccsplsx  sad  reference  to  Fig  1?b 
Vsm  priamipnl  csdnl  stress  or4<-H  fti  tbe  poiirt  of  fsiluj's  fer  lisa 
oass^Kssits  and  for  natrix  lextorlal.  It  Is  seen  that  the  strength  of, tits 
ess^-ssita  flxrst  Increases  with  l^/drostatle  pressure  up  to  shout  40  , 

apprtucinsieljr  linosrljr,  thsn  dsersases  to  well  below  the  atatospheric  pressure 
raise*  Sots  that  the  eospositc  etronsth  Increases  with  pressure  oiAy  'sniler 
Qtrese  eolations  such  that  the  tensile  stress  in  the  resin  (detoncined  when 
toatsd  alnce)  Is  its  aarliraa  principal  stress* 

Ihe  eppearame  of  the  fraetore  surfaces  of  the  resin  aatrix  cospicsite 
ehan^sa  eonsidcrsrihlj  adth  applied  hydrostatic  pressure  (Figs  Id  and  19); 
the  omat  of  fihre  pnll-o«it  decreasing  with  increasing  pressure  as  the  code 
appeared  to  ehsa^  from  *rxndoa  bundle*  to  "statistical  accusulation*  tj'pe 
cf  fSvrture*  for  the  stetal  Matrix  eoeposite  (F1&  2C)  the  nickel,fallurs 
■ode  uhan^es  with  Increasins  hydrostatic  pressure*  at  I40  lO'a  * froa 
traaaisramlar  shear  to  intergranular  rupture*  the  result  of  increasing  the 
sbsar  stresses  in  the  satrix  to  beyond  the  (^rain  boundary  strength. 

Tests  on  Miniature  Charpy  speciaens  were  carried  out  on  the  OiA  V-  carbon 
fibre  nickel  eojsposite  in  t^  teiapers  tuje  rajvse  20-500^*0  and  the  value  of 
the  frsrrture  enar^iy^waa  epparently  indepeatent  of  temperature 
(1*9  ♦ 0.3)  10  * Ja  *1  ie  only  slightly  hiishar  than  the  values  of  Braddick 
•t  *1  ('•4)  «2td  1&5  of  the  value  for  pure  nickel*  It  is  interesting  to  note, 
hoBOver,  that  the  failure  of  the  nickel  was  again  entirely  ductile.  Fig  21, 
Ih*  effoot  of  varying  on  tou^hAcex  is  presented  in  Table  3* 
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The  results  of  the  heat  treat&cnt  of  plated  fibres  show  large  drops  in  the 
failure  strength*  Jackson  and  Uorjoras  (17)  found  sioilar  results  on 
Microc«qposites,  but  in  contrast  Barclay  and  Bonfiold  (l8j,  who  tested 
individual  l^e  I oi^on  fibres  coated  with  evaporated  nickel  ar4  euincaled 
in  a vaouua-of  < 10  torr,  found  ouch  ssaller  reductions  in  strer^th* 

fbr  <wxr  plated  fibres  annealing  in  a vacuusi  of  VQ*  torr  produced  a loss 
of  strength  froa  1*^  - 0*23  to  0*092  • 0*004  , but  heat  treateent  in 

a closed  tube  with  ptire  carbon  powder  resulted  in  the  loss  of  alnost  all  the 
nickel  frea  the  fib^s,  whose_^trongth  was  not  diminished,  being  2*41  * C.33 
eoapared  with  2*24  **  0*39  of  the  unplated  fibres*  The  problem  of  he  it 

treatxamt  of  carbon  flbre/nickel  composites  is  continuously  and  extensively 
diseussed  and  no  clear  explanation  of  the  phenomenon  emerges*  Our  results 
aro  thus  presented  without  oocasent  solely  to  nake  the  data  more  extensive* 

Uhmn  eoessidering  tha  atrengtbening  •sohanisaa  in  cosspositesy  whero  the 
fibrs/mtrix  besd  is  go«^  and  the  matrix  is  able  to  redistribute  the  high 
ahsar  stresses  pxwducod  at  the  fibre/catrix  interface  near  a fibre  break, 
tha  predicted  effect  of  iaoreaslng  hydrostatic  pressure  on  the  fracture 
bchnvicur  la  to  li^ros^e  the  applied  tsnsile  stress  at  failiure  by  an  amount 
to  the  hydrostatio  ju^sure,  le  the  theoretical  slope  would  be  1 
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fevrUoi  th«  flow  prcpor  dies  of  the  catrix  are  unaffeoted.  The  resulta 
for  eaxtKm  fibre/nickel  show  a slope  of  ~ 1,0,  which  indicates  that  fracture 
in  this  conposite  probably  results  from  the  tanjile  failure  of  tho  fibres 
beforo  either  dsbondiit^  or  oatrix  failure  taJces  place.  Ihe  nett  effect  of 
applied  hydrostatic  pressure  on  the  tensile  strength  of  the  composite  is 
thus  approxjjoately  sero.  it  the  same  time,  horrever,  the  maximiuo  shear  stress 
has  risen,  resulting  in  the  change  in  matrix  fracture  mode  from  the  shear  to 
the  Intsr^racular  riptuire  (?ig  20).  The  strength  of  the  composite,  although 
veil  rep^roduoible,  .'a  only  •'>  6Q4  of  the  theoretical,  value*  Tliis  compares 
favourably  vlth  — 5^'  reported  by  Braddidc  et  al  (li,)  but  falls  short  of  the 
6^  eecssionally  obtained  by  Kistler  and  Niess  (13)«  They  attributed  the 
atreagth  inereasa  to  a reduced  amount  of  fibre  damage  and  improved  alignment 
gained  by  the  use  of  radial  compaction  (as  opposed  to  unidirectional 
eacQ>aetion  used  by  Baraddick  et  al  and  ourselves). 

In  the  ease  of  the  resin  aatrix  composites  a different  mechanism  is 
indicated.  There  the  composite  strength  is  strongly  linked  with  matrix 
behaviour,  as  excaination  of  Fig  17  makes  evident. 

If  there  were  no  change  in  the  shear  failure  strength  of  the  matrix  with 
prwssure  end  it  controlled  the  failure  process,  there  would  be  a linear 
decrease  of  composite  str»ngth  with  pressure,  ie  a slope  of  -1  on  Fig  17(b) 
end  a slope  of  0 ou  Fig  i7(a)  would  result.  The  resin  shear  strength 
hovevwr,  Jnerwases  with  pressure  with  a slope  of  0.1  (Fig  13)j  Bowden  (l9) 
alai^^rly  bas  reported  a slope  of  about  0,2  for  another  resin.  He  also 
notwd  an  equivalent  increase  in  the  bond  strgngth  between  fibre  and  matrix 
with  increasing  pressure  up  to  about  30  HHa**  , 

In  general,  the  law  of  wixturcs  ie  used  to  calculate  the  strength  of  a 
ooeq;>oalte.  fhia  neglects  Poisson's  ratio  v (2C^  although  the  effect  of 
this  hae  been  oaloulated,  it  ie  normally  negligible,  particularly  for 
■etal  natriz  ooaposites,  as  it  depends  on  the  difference  between  the  values 
for  the  fibres,  and  the  matrix,  (21),  Kelly  has  ohown  that 

^ ® V,  e ♦ 2 (»a  - »i)  pVi 

where  w la  ths  atrain,  subscripts  1 and  2 refer  to  the  components  in  smaller 
and  greater  ooncentx*ation  respectively,  S is  Young's  modulus  and  p is  the 
pressurw  at  the  interface.  If  we  neglect  affects  due  to  the  composite  per 
aw«  equate  therefore  p with  H,  and  consider  substance  1 to  be  the  resin 
■atriz  (b  0,^)  and  2 to  be  the  carbon  fibre  (b  ^ 0.23),  we  obtain: 

Oq  ■ Of  (law  of  mixtures)  - 2H  (l  ~ V^)  (u^  " ^ 

Ths  affeot  of  this  on  the  nickel  matrix  composite  strength  is  not  significant. 
These  data  also  indicate  that  the  strength  of  the  carbon  fibres  is  unaffected 
by  hyd.Tostatio  pressure  end  this  will  be  assumed  for  the  resin  matrix 
ooepoalte. 

If  the  algebraic  sum  of  the  contrlbutioni*  to  the  composite  tensile  strength 
txcm  the  flbs«s,  tho  resin  (wnich  becomes  negative  at  an  K of  60  MNin**  ) 
and  Poisson's  ratio  efface  is  oaloulated,  a linear  decrease  of  the  composite 
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•tntosth  with  hydrostatic  pressure  (albeit  with  a slope  < l)  still  results: 

®C  “ 

«s  <Ty  • 0«47H 

This  relationship  is  reasonabily  well  obeyed  for  H > 80  (Fig  17)»  but 

it  does  not  in  any  way  account  for^the  pronounced  strength  naxiisua»  nearly 
SCT/i  a.$  at  a pressure  of  UO  Oa  • This  slcple  approach,  though 
encowaging,  is  therefore  5jiadaquate  and  nachaniams  of  transfer  of  stress 
at  the  resl^flbre  Interface  oust  be  considered* 

The  initial  rise  of  the  ooapoaite  strength  with  pressure  iwplles  that  a 
wore  efficient  nechanica  of  load  transfer  froa  the  resin  to  the  fibres 
beoccses  possible  throu^  th*  attainrsent  of  higher  interface  atresias*  The 
matrix  shear  strength  thus  appecrs  to  contrcl  the  cffisposite  strength  at 
atoospheric  pressure,  as  the  staxloum  useful  strength  of  the  flhre;/eatrlx 
interface  is  the  shear  stxength  of  the  sm|rlx*  The  initial  strengthening, 
with  increasing  presstires  up  to  40  SCia  , can  be  intez^retod  by  all/iwing 
the  Interfacial  shear  stress  to  rise  with  pressure  with  a slope  of  0,1 . 
Accordingly,  as  at  H s 0, 

*’  " ^f  " ^f^  % 

930  * 0.54  oj.  ♦ 0.46  x 54  IS5a"*, 

the  effeotivs  strength  of  the  fibres,  , is  1670  If  it^ia  cade  to 

increase  with  pressure  with  a slope  of  0.11;  for  0 < E < 40  : 

Sg  « Sy  ♦ 0.54  X 1670  X 0.11^/32  - 0.47H 
■ Sy  ♦ 3»1H  - 0.47H  B ♦ 2.63H 

For  values  of  U above  4O  the  resin  caxicua  principal  stress  becoces 

cocpressive  and  it  is  seen  (Fig  17)  that  the  fall  in  the  composite  strength 
la  In  aoco.'Td  with  a x*eversal  in  the  "extra*  pressure-dependent  enntributien 
to  the  shear  stress: 

Og  - (o,  ♦ 124)  - 3.1  (H  - 40)  - 0.47H  B 0y  ♦ 104  - 3.6  (H  - 4O)  KSa"* 

until  a hydz^statio  pressure  of  GO  * is  applied.  Above  this  pressure 
the  stress  systec  in  the  resin  is  wholly  coopressive,  ie  the  resin  is  no 
longer  pulled  but  la  being  allowed  to  be  aqueeced  out. 
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